Abstract
ecology of FMT experiments fail to provide enough resolution to identify populations that are 23 likely responsible for FMT-derived benefits. Here we used shotgun metagenomics to reconstruct 24 97 metagenome-assembled genomes (MAGs) from fecal samples of a single donor and followed 25 their distribution in two FMT recipients to identify microbial populations with different 26 colonization properties. Our analysis of the occurrence and distribution patterns post-FMT 27 revealed that 22% of the MAGs transferred from the donor to both recipients and remained 28 abundant in their guts for at least eight weeks. Most MAGs that successfully colonized the 29 recipient gut belonged to the order Bacteroidales. The vast majority of those that lacked evidence 30 of colonization belonged to the order Clostridiales and colonization success was negatively 31 correlated with the number of genes related to sporulation. Although our dataset showed a link 32 between taxonomy and the ability of a MAG to colonize the recipient gut, we also identified 33
MAGs with different colonization properties that belong to the same taxon, highlighting the 34 importance of genome-resolved approaches to explore the functional basis of colonization and to 35 identify targets for cultivation, hypothesis generation, and testing in model systems for 36 mechanistic insights. 37 2
Background

38
Fecal microbiota transplantation (FMT), transferring fecal material from a healthy donor to a 39 recipient, has gained recognition as an effective and relatively safe treatment for recurrent or 40
refractory Clostridium difficile infection (CDI) [1] [2] [3] [4] [5] [6] [7] [8] . Its success in treating CDI sparked interest 41 in investigating FMT as a treatment for other medical conditions associated with intestinal 42 dysbiosis, such as ulcerative colitis [9-11], Crohn's disease (CD) [12] [13] [14] 
Methods
73
Sample collection, preparation, and sequencing. We collected a total of 10 fecal samples; four 74 samples from a single donor 'D' (a 30 year old male), and three samples from each of the two 75 recipients 'R01' (a 23 year old male), and 'R02' (a 32 year old female) before and after FMT. 76
Recipient samples originated from time points pre-FMT, four weeks after FMT, and eight weeks 77 after FMT, while four samples from the donor were collected on four separate days two weeks 78 4 prior to the transplantation. Both recipients had mild/moderate ulcerative colitis, had no genetic 79 relationship to the donor, and received FMT through a single colonoscopy. We processed and 80 stored all samples at -80°C until DNA extraction. We extracted the genomic DNA from frozen 81 samples according to the centrifugation protocol outlined in MoBio PowerSoil kit with the 82 following modifications: cell lysis was performed using a GenoGrinder to physically lyse the 83 samples in the MoBio Bead Plates and Solution (5 -10 mins). After final precipitation, the DNA 84 samples were resuspended in TE buffer and stored at -20°C until further analysis. We prepared 85 our shotgun metagenomic libraries with OVATION Ultralow protocol (NuGen) and used an 86
Illumina NextSeq 500 platform to generate 2x150 nt paired-end sequencing reads. 87
Metagenomic assembly and binning. We removed the low-quality reads from the raw 88 sequencing results using the program 'iu-filter-quality-minoche' in illumina-utils processed each BAM file to estimate the coverage and detection statistics of each contig using 100 5 samtools [43] , and finally (4) 'anvi-merge' combined profiles from each sample to create a 101 merged anvi'o profile for our dataset. We used 'anvi-cluster-with-concoct' for the initial binning 102 of contigs using CONCOCT [44] by constraining the number of clusters to 10 ('--num-clusters 103 10') to minimize 'fragmentation error' (where multiple bins describe one population). We then 104 interactively refined each CONCOCT bin exhibiting conflation error (where one bin describes 105 multiple populations) using 'anvi-refine' based on tetra-nucleotide frequency, taxonomy, mean 106 coverage, and completion and redundancy estimates based on bacterial and archaeal single-copy 107 genes. We classified a given genome bin as a 'metagenome-assembled genomes' (MAGs) if it 108 was more than 70% complete or larger than 2 Mbp, and its redundancy was estimated to be less 109 than 10%. We used 'anvi-interactive' to visualize the distribution of our bins across samples and 110 'detection' regardless of the coverage of a given genome bin. We required the portion-covered 119 statistic of a genome bin to be at least 25% to consider it detected in a given sample. This 120 prevented inflated detection rates due to non-specific mapping, which is not uncommon due to 121 relatively well-conserved genes across gut populations. Finally, we conservatively decided that a 122 6 MAG was transferred from the donor and colonized a given recipient successfully only if (1) it 123 was detected in both samples that were collected from a the recipient at four and eight weeks 124 after the FMT and (2) it was not detected in the pre-FMT sample from the same recipient. 125
Statistical analyses. We performed cluster analyses on distribution profiles of MAGs and 126
MetaPhlAn taxa using the R library vegan with Bray-Curtis distances of normalized values. We 127 used the PERMANOVA (R adonis vegan) [48] test to measure the degree of similarity of the 128 bacterial communities between the samples in the study. We further used similarity index 129 (SIMPER) analysis to identify the taxa that contributed the highest dissimilarity between the 130 samples. We classified the MAGs into four main groups based on their colonization 131 characteristics in the recipients. 
Results
140
The shotgun sequencing of genomic DNA from 10 fecal samples resulted in a total of 141 269,144,211 quality-filtered 2x150 paired-end metagenomic reads (Table S1 ). By co-assembling 142 7 the donor samples, which corresponded to 115,037,928 of the quality-filtered reads, we 143 recovered 51,063 contigs that were longer than 2.5 kbp and organized them into 444 genomic 144 bins comprising a total of 442.64 Mbp at various levels of completion ( Figure S1 , Table S1 ). 145
Using completion and size criteria, we designated 97 of our genomic bins as metagenome-146 assembled genomes (MAGs) (Figure 1 , Table S1 ). The taxonomy of 15 of the 22 MAGs that colonized both recipients resolved to the order 154 Bacteroidales (Figure 1 ). Besides Bacteroidales, Group I also included six MAGs that were 155 classified as order Clostridiales and one MAG as Coriobacteriales. CheckM partitioned the 156 Group I MAGs into two genera, Bacteroides (n=5) and Alistipes (n=5). Eight MAGs in this 157 group were not assigned to a specific genus. In contrast to the Bacteroidales-dominated Group I, 158 11 of the 14 MAGs that did not colonize recipients (Group IV) resolved to the order 159
Clostridiales. The remaining three MAGs were not assigned any taxonomy at the order level. 160
The only genus-level annotation for the MAGs in Group IV was Ruminococcus (n=2). Overall, 161
CheckM did not assign any genus-level taxonomy to 20 of the 36 MAGs that colonized either 162 both recipients (Group I) or none (Group IV). 
174
MAGs that colonized only one recipient's gut did not show a consistent taxonomic signal. While 175 9 of 11 MAGs that colonized only R01 (Group II) were assigned to the order Clostridiales, only 176 4 of 8 MAGs that colonized R02 (Group III) were assigned to that order ( Figure 1 , Table S1 ). 177
The remaining MAGs in Group III were assigned to Bacteroidales (n=2), Burkholderiales (n=1), 178
or not assigned (n=1). Figure 2 ). Based on metagenomic short reads, the microbial community structure in 188 both R01 and R02 were more than 60% similar to the donor microbiota after FMT (Figure 2) . 189 (Table S2 ). We performed a canonical correspondence analysis (CCA) to determine 205 whether functional markers could be used as an indicator for groups of bacteria that were more 206 or less likely to colonize recipients. CCA (pseudo-F=1.746, p<0.0001) revealed that the MAGs 207 that colonized both recipients (Group I) possessed a higher relative abundance of genes coding 208 for quinone cofactors. Group I also showed potential functions involving gram-negative cell wall 209 components, periplasmic stress, and metabolism of aromatic compounds and their intermediates. 210
In contrast, the MAGs that did not colonize any of the recipients carried higher number of genes 211 related to dormancy and sporulation, spore DNA protection, and motility and chemotaxis (Figure  212 2, Table S2 ). 213 
